Each larval hemisegment comprises ∼30 uniquely specified somatic muscles. These derive from muscle founders that arise as distinct sibling pairs from the division of muscle progenitor cells. We have analyzed the progenitor cell divisions of three mesodermal lineages that generate muscle (and pericardial cell) founders. Our results show that Inscuteable and Numb proteins are localized as cortical crescents on opposite sides of dividing progenitor cells. Asymmetric segregation of Numb into one of the sibling myoblasts depends on inscuteable and is essential for the specification of distinct sibling cell fates. Loss of numb or inscuteable results in opposite cell fate transformations-both prevent sibling myoblasts from adopting distinct identities, resulting in duplicated or deleted mesodermal structures. Our results indicate that the muscle progenitor cell divisions are intrinsically asymmetric; moreover, the involvement of both inscuteable and numb/N suggests that the specification of the distinct cell fates of sibling myoblasts requires intrinsic and extrinsic cues.
The Drosophila larva is capable of an extraordinary repertoire of movements made possible through a complex array of muscles that attach to its body wall. Each of the ∼30 larval somatic muscles found reiterated hemisegmentally possesses a distinct identity characterized by specific size, shape, pattern of gene expression, insertion sites and innervation (for review, see Bate 1993) . It has been proposed that each muscle derives from a cell that is uniquely endowed with information to act as a ''seed'' or founder for the assembly of that muscle (Bate 1990; Dohrmann et al. 1990) . As the founder fuses with neighboring unspecified myoblasts it imparts its informational content to the other nuclei within the syncytia, thereby entraining them to a similar differentiation program. Two lines of evidence support this founder hypothesis (Bate 1990) . First, an increasing number of putative transcription factors, such as S59 (Dohrmann et al. 1990 ), Apterous (Bourgouin et al. 1992) , Even-skipped [(Eve) Frasch et al. 1987] , Vestigial , Krü ppel [(Kr) this work; , and Nautilus (Michelson et al. 1990 ), have been found that are expressed initially in the nuclei of a subset of myoblasts and thereafter in subsets of syncytia derived from these cells. As the marker-expressing cell fuses with adjacent non-marker-expressing myoblasts, the nuclei of the newly recruited cells are induced into marker expression (Carmena et al. 1995; Rushton et al. 1995) . The expression patterns of these genes suggest that they may act as muscle identity genes specifying distinct muscles. Second, in mutations where myoblast fusion fails, the initial expression patterns of these putative identity genes appear unaltered, but induction of marker expression in the nuclei of neighboring myoblasts does not occur (Rushton et al. 1995) . However, a subset of myoblasts still succeeds in attaching to the correct sites and generally taking on characteristics typical for a mature muscle occupying the same position in a normal embryo. This special class of myoblasts seen in fusion-defective mutants appears to have the necessary information content to seed the formation of specific muscles and presumably represents muscle founders. Taken together, these observations suggest that the critical steps in myogenesis leading to the patterning of the somatic musculature are the formation of muscle founders at precise locations within the mesoderm and the correct specification of their fates.
The mesodermal primordium arises from the ventral domain of the blastoderm and is characterized by the uniform expression of the bHLH-type transcription factor Twist (Twi, Thisse et al. 1988) . During gastrulation these cells invaginate and spread as a layer under the ectoderm to form the mesoderm. At this stage, these cells are restricted to form mesodermal derivatives but are not yet committed to differentiate towards any particular mesodermal cell type. Various studies have shown that the subsequent specification of the mesoderm requires non-autonomous inputs [e.g., Decapentaplegic (Dpp), Wingless (Wg), and Hedgehog (Hh)] from the ectoderm and that the initial subdivisions result in the delineation of relatively broad domains (StaehlingHampton et al. 1994; Baker and Schubiger 1995; Baylies et al. 1995; Frasch 1995; Ranganayakulu et al. 1996) . The first sign of subdivision within the mesoderm is seen when the Twi expression pattern changes from being uniform to one comprising of segmentally repeated high and low expression domains-the high Twi-expressing region demarcates the primordia of the somatic musculature, whereas the low Twi-expressing domain gives rise to the visceral and cardiac muscles (Dunin Borkowski et al. 1995; Baylies and Bate 1996) . Further subdivision is manifested through the sequential expression of the proneural gene lethal of scute (l'sc) in 19 clusters of cells within each domain of high Twi expression (Carmena et al. 1995) . In a process reminiscent of neuroblast segregation and similarly requiring the neurogenic genes (Corbin et al. 1991; Bate et al. 1993; Carmena et al. 1995) , one (or, less often, two) cell from each cluster retains high levels of L'sc and expresses a particular subset of putative identity genes. This cell has been defined as a progenitor. It moves into close contact with the ectoderm and divides once to produce two daughter cells.
Although many of the mesodermal lineages have not been elucidated, the available information on the daughters of progenitors indicates that each sibling becomes a founder for a particular larval muscle, an adult muscle precursor, or a cell of hitherto unknown fate (this study; Carmena et al. 1995) . These observations suggest that the sibling myoblasts acquire distinct fates and led us to suspect that progenitors in the mesoderm might undergo asymmetric cell division. If this were so, what factors might be involved in establishing this asymmetry?
A number of genes have been implicated in asymmetric cell divisions in the nervous system of Drosophila. The membrane-associated protein Numb (Nb) (Uemura et al. 1989 ) localizes basally in neural progenitors and segregates preferentially into one of two daughter cells (Rhyu et al. 1994; Knoblich et al. 1995; . In the PNS (Guo et al. 1996) and in the midline precursor MP2 (Spana and Doe 1996) where nb is essential for the development of distinct sibling identities, Nb acts by supressing Notch (N) signaling (for review on N, see Artavanis-Tsakonas et al. 1995) . Mutations in nb cause defects in the larval muscle pattern (Uemura et al. 1989; Rhyu et al. 1994) ; however, as Nb was not known to be expressed in the mesoderm, the underlying reasons for these defects were unclear. A homeodomain protein Prospero (Pros) localizes basally in neuroblasts, segregates preferentially into one sibling, and plays a role in neural cell fate decisions in the CNS (Hirata et al. 1995; Knoblich et al. 1995; . However, a role for pros in the specification of larval muscles is unlikely, as pros mutants exhibit a wild-type larval muscle pattern (Broadie and Bate 1993) . The apically localized protein Inscuteable (Insc) (Kraut and Campos-Ortega 1996) has been described as an organizer of asymmetric cell divisions for neuroblasts and a subset of the ectodermal cells of the procephalic region . The asymmetric localization and segregation of Nb, Pros, and pros RNA, as well as the apical/ basal orientation of the mitotic spindle in neuroblasts, all require insc (Li et al. 1997) . A role for insc in muscle development is indicated by the recent finding (Knirr et al. 1997; M. Zavortink, unpubl.) that insc is allelic to the previously described muscle patterning gene not enough muscles (Burchard et al. 1995) .
In this study we followed the fate of three progenitors in the mesoderm and show data suggesting that they give rise to two dorsal muscles and a subset of pericardial cells in the Drosophila larva. In all three cases, the progenitors undergo asymmetric cell division as evidenced by the asymmetric localization of Insc and Nb to opposite poles in the progenitors and the preferential segregation of Nb into only one of the siblings produced upon progenitor cell division. Furthermore, loss of insc or nb causes the opposite sibling cell fate transformations, which manifests as duplication or loss of mature mesodermal structures. These findings define events that occur between the selection of progenitors from relatively large subdomains of the mesoderm and the specification of their progeny that become founders that pattern the mesoderm. Our results suggest that in addition to extrinsic cues, intrinsic factors inherited as a consequence of lineage are utilized for the assignation of distinct cell fates to muscle founders and precursors of pericardial cells.
Results
We have followed the fate of the progenitors P2, P15, and P17 (see Carmena et al. 1995) in the wild-type embryo, using several markers. Our results suggest that each of these progenitors divides once at a specific stage in development to give rise to the founders for the Eve + pericardial cells (EPCs), the Eve + Kr + dorsal acute 1 (DA1 = m1) muscle, and the Kr + dorsal oblique 1 (DO1 = m9) muscle, respectively, and a sibling cell of unknown fate (see Fig. 1 ). We chose to examine these progenitors because mutations in insc and nb have strong effects on the development of the EPC as well as DA1 and DO1 and suitable markers are available for the analyses of these cells and the division of their progenitors.
Insc is asymmetrically localized as cortical crescents, but without a fixed orientation, in progenitors in the mesoderm
Insc protein is observed in some large Twi-positive cells in the mesoderm that undergo mitosis (data not shown), suggesting that Insc may be expressed in muscle progenitors. Double labeling experiments with antibodies against Insc and L'sc revealed that Insc is expressed as cortical crescents in a number of muscle progenitors, including P15 and P17, as well as P2-the EPC progenitor ( Fig. 2A-E) . Results from double staining experiments with anti-Insc and a DNA-binding dye (Lundell and Hirsh 1994) indicate that the localization of Insc as a cortical crescent occurs during mitosis (Fig. 2F) . Insc expression appears to occur specifically in the progenitors and has not been seen in their postmitotic progeny. In contrast to the nervous system where Insc protein crescents are localized to the apical cortex of neuroblasts Kraut and Campos-Ortega 1996) , there does not appear to be a fixed orientation for the Insc crescent in the different progenitors of the mesoderm ( Fig. 2A-F ). This appears to be due to the fact that unlike neuroblasts that align their mitotic spindles along the apical/basal axis, these progenitors do not divide with a fixed orientation. However, for any given type of progenitor (e.g., P17), the Insc crescent accumulates at a similar position relative to the anterior/posterior or dorsal/ventral axis (Fig. 2B ). Despite these differences in the orientation of the Insc crescent, there appears to be a tight correlation between the position of the Insc protein crescent and the orientation of the progenitor cell division as deduced from the staining of DNA; the location of the Insc crescent appears to center on one of the mitotic spindle poles (Fig. 2F) .
Numb localizes as a cortical crescent on the opposite side to Insc and its asymmetric localization and segregation requires insc
Nb expression can be seen throughout the mesoderm (Fig. 3A ) with higher levels in the high Twi-expressing domain that gives rise to the somatic muscles (Bate 1993) . This generalized expression appears to be localized to the cortex of all mesodermal cells. Double-labeling experiments with anti-Eve and anti-Nb as well as anti-Kr and anti-Nb indicate that cortical crescents of Nb protein can be seen in progenitor cells (Fig. 3A,B) , including P2, P15 (see Fig. 5 , below) and P17 (Fig. 3C) . Again, in contrast to the Nb crescents found in mitotic neuroblasts, which are always on the basal cortex, the Nb crescents in the progenitors of the mesoderm do not localize in a specific orientation (e.g., compare positions of the Nb crescents seen in progenitors in Fig. 3A -C). As with the localization of the Insc cresent, the position of the Nb crescent appears to be similar for a given progenitor type (Fig. 3B) . Moreover, the Nb crescent is always present on the side opposite to the Insc crescent (Fig. 3E ). When the progenitor cells divide, Nb protein is asymmetrically partitioned into only one of the two progeny ( Fig. 3D ; also see Fig. 5, below) . In the absence of insc function, Nb is always distributed throughout the cortex of dividing progenitor cells and the protein is distributed to both progeny (see Fig. 5G -J, below). Hence, both the asymmetric localization in progenitors and the preferential segregation of Nb to only one daughter cell are dependent on insc. In contrast, Insc protein distribution in progenitors of the mesoderm is unaffected in nb mutant embryos (not shown).
Loss of nb or insc causes opposite mesodermal phenotypes
To assess whether the expression of insc and nb in progenitors and the asymmetric segregation of Nb to one progeny cell reflect an underlying role for these molecules in the mesoderm, we examined the terminal phenotypes in loss-of-function mutations of insc or nb. Embryos homozygous for nb 3 , a putative amorphic allele, were stained with anti-myosin heavy chain (MHC), which labels all somatic muscles, and anti-Eve, which stains DA1 and EPC ( Fig. 4A shows a wild-type staining pattern). The loss of nb has a general effect causing many of the dorsal and ventral somatic muscles to be lost (data not shown). However, the expressivity of the phenotype varies for each muscle and not all somatic muscles are affected. Nevertheless, in nb 3 homozygotes, DA1 is almost always absent, whereas DO1 is lost from >50% of the mutant hemisegments. In contrast, the number of EPC is increased ( Fig. 4B ; Table 1 ). Similar defects (albeit with a slightly lower expressivity) were obtained for embryos homozygous for nb 1 (Table 1 ). Embryos homozygous for two different insc null alleles were analyzed in a similar way. For insc P49 homozygotes, a number of somatic muscles, including DA1 and the dorsal oblique muscles, as well as the EPC, were affected ( Fig. 4C ; Table 1 ). However, in contrast to the nb mutants, loss of insc caused ∼30% of the hemisegments to produce an extra DA1 as well as an ∼60% reduction in the number of EPCs. We also observed an extra dorsal oblique muscle in ∼40%-50% of the mutant hemisegments but were unable to determine whether the duplicated muscle was DO1 or DO2 in late (stages 15-16) embryos. Results from confocal analyses of earlier stages indicate that in many instances the duplicated muscle is likely to be DO1 (see Fig. 5H, Fig. 6H , below, and later section). Hence, at the level of the terminal phenotype, it appears that the loss of nb and the loss of insc cause opposite effects. To ascertain that the loss of insc is responsible for the observed phenotype, we demonstrated that the ectopic expression of a full-length insc cDNA driven by a hsp70 promoter (see Materials and Methods) can rescue, at least in part, the phenotype of insc P49 homozygotes ( Fig. 4E,F ; Table 1 ). Interestingly (see Discussion), ectopic expression of insc in a wild-type background has no effect on the development of somatic muscles or EPC (not shown).
nb overexpression causes the opposite phenotype to nb loss of function
Our results suggest that insc is required in the progenitors of the mesoderm to ensure asymmetric localization and segregation of Nb to one daughter cell. Nb is in turn necessary to specify the identity of that cell, making it different from its sibling, which fails to inherit Nb (see also the following section). To ascertain whether Nb is also sufficient to specify cell fate, we examined the effects of overexpressing Nb on the development of structures derived from P2, P15, and P17. Targeted expression and MHC (stains all muscles) using horseradish peroxidase-conjugated secondary antibodies. (AB44) The P-lacZ insertion from which insc P49 and insc P72 excisions were generated, showed little muscle defects and was used to represent wild type. The EPCs express Eve from stage 12 onward, and there are usually two per hemisegment in wild type (A). Their numbers increase in nb embryos (B) and in the insc,nb double mutant (G). In insc embryos (C) and in embryos overexpressing Nb (D), a significant reduction of EPC is seen. Because Eve expression in DA1 diminishes after stage 15, embryos at stages 14-15 were used for scoring this muscle (see top panels for DA1s). Additional DA1s are seen in insc mutants and in embryos overexpressing Nb, whereas they are essentially eliminated in nb 3 embryos. In the insc,nb double mutant, there is a complete loss of all dorsal muscles, DA1, DO1, DA2 (m2), and DO2 (m10), as seen by the absence of MHC-stained somatic muscles in the dorsal region at stages 15-16 (G). Muscle DO1 was identified by its position at stage 16. Its numbers were reduced in nb mutants (*). In contrast, additional dorsal oblique muscles were present in insc and in embryos overexpressing Nb (bottom panels). However, in such cases, we could not distinguish between DO1 and DO2. (E,F) Confocal images showing insc P49 embryos where Insc was expressed under the control of the hsp70 promoter. Embryos were stained with anti-␤-galactosidase and either anti-MHC (E) or anti-Eve (F), and mutant embryos homozygous for both insc P49 and hsp70-insc were identified by the absence of ␤-galactosidase expression from lacZ-marked balancers. The hemisegments shown in E and F exhibit wild-type musculature; in F rescue of the EPC phenotype is seen in all but the middle hemisegment. For quantitation of the various phenotypes, see Table 1 . For all panels, anterior is toward the left.
of Nb was performed using a twi-gal4 driver to induce the expression of a UAS-nb transgene throughout the mesoderm (Brand and Perrimon 1993 ; also see Materials and Methods). Animals carrying either the twi-gal4 or UAS-nb transgene alone did not show any abnormalities in the Eve staining pattern (not shown). Our results ( Fig.  4D; Table 1 ) indicate that the overexpression of Nb can lead to the duplication of DA1 as well as the loss of EPC, effects that are opposite those caused by the loss of nb. However, because of the multiplicity of extra dorsal muscles associated with this overexpression paradigm, we were unable to score for DO1. These observations are consistent with the notion that nb can act in a necessary and sufficient manner to specify mesodermal cell fate.
insc and nb are required for sibling cells derived from progenitor cells in the mesoderm to adopt distinct cellular identities
One can rationalize the insc and nb loss (and gain)-offunction phenotypes in the following way (see Fig. 1 ): In wild-type embryos, P15 (and P17) would divide such that one progeny becomes the founder for DA1 (and DO1), henceforth referred to as FDA1 (and FDO1), as a consequence of inheriting all of the asymmetrically localized Nb protein. Its sibling cell does not inherit Nb and adopts an alternative (unknown) fate. In the absence of insc (or when nb is overexpressed), Nb is no longer asymmetrically distributed so both daughter cells derived from the P15 (and P17) division would inherit Nb and both would adopt an FDA1 (and FDO1) identity at the expense of its sibling. This would lead to the duplication of DA1 (and DO1), which in fact is observed in insc mutants ( Fig. 4C; Table 1 ). In the case of EPC, one would predict that for the wild-type P2 cell division, it is the progeny that fails to inherit Nb that becomes the FEPC, whereas its sibling (FEPCsib), which inherits Nb, adopts an alternative but unknown fate. Hence, in insc mutants (or when nb is overexpressed) both of the P2 progeny will be Nb + and adopt the fate of FEPCsib at the expense of the FEPC, leading to the loss of EPC (see Fig. 4C ; Table  1 ). Conversely, in the absence of nb, both siblings derived from the progenitor cell division would adopt the identity of the sibling, which normally does not inherit Nb. As a result, the opposite cell fate transformations occur leading ultimately to the loss of DA1 and DO1 and the gain of EPC (see Fig. 4B ; Table 1 ).
To test the validity of the above model, we followed the segregation of Nb and the fate of the sibling cells derived from the P15, P17, and P2 cell divisions in wildtype, insc P49 and nb 3 embryos (Figs. 5 and 6). In wildtype embryos, P15 expresses Kr and Eve and localizes Nb as a cortical crescent (Fig. 5A ). Shortly after birth, both P15 progeny are Kr + Eve + but only one inherits asymmetrically localized Nb (Fig. 5B) . The Nb + cell is the FDA1; it remains Kr + Eve + (Figs. 5C and 6A) and fuses with other myoblasts to form the Kr + Eve + DA1 precursor (Fig. 6G) ; its Nb − sibling cell, FDA1sib, always extinguishes Kr and Eve expression as it matures and its ultimate fate is not known (Fig. 5B,C) . In contrast to the wild-type situation, in insc mutant embryos Nb is distributed throughout the cortex of the dividing P15 and is distributed to both of the P15 progeny (Fig. 5G) ; both the FDA1 and FDA1sib maintain Eve and Kr expression, and both adopt an FDA1-like identity (Figs. 5H and 6D ), leading ultimately to the formation of two Kr + Eve + DA1s (Fig. 6H) . In nb mutant embryos, the opposite cell fate transformation occurs. Both of the P15 progeny are Kr + Eve + at birth; however, both act like the FDA1sib and extinguish expression of both markers (Fig. 6F , fading yellow cells), ultimately leading to the failure to form DA1 (Fig. 6I) . Hence, Nb is normally segregated only to FDA1 (not FDA1sib) and is required to specify its identity. However, if Nb is present in both cells as the result of removing insc (or overexpressing Nb), it is sufficient to cause the FDA1sib to adopt a FDA1 identity.
The situation with the P17 division is analogous to that of P15. EPC and muscles were identified as described in the legend to Fig. 4 . (AB44), The P-lacZ insertion from which insc P49 and insc P72 excisions were generated, showed no muscle defects and was used to represent wild type. For insc, where additional dorsal oblique muscles were present and it was not possible to distinguish between DO1 and DO2 (m10), the data are presented as the sum of DO1 and DO2. In Nb overexpression experiments, the dorsal region was often packed with many extra muscles such that individual dorsal oblique muscle fibers were not always distinguishable based on MHC expression alone. (N.D.) Not done.
duplicated at the expense of FDO1sib (Fig. 5H) , leading to the duplication of DO1 (Fig. 6H) . In nb mutant embryos two FDO1sibs are produced at the expense of the FDO1 (Fig. 6F, arrows) , which leads to a loss of DO1 (Fig.  6I) . It is important to note that our earlier results on the terminal phenotype of insc loss of function does not distinguish between the duplication of DO1 or DO2. The analyses presented in Figures 5 and 6 confirm that loss of insc causes duplication of DO1 precursors. In the case of P2 and the EPC, we see a variation from the situation observed with P15 and P17. Nb is asymmetrically localized in wild-type P2 (Fig. 5D) . When P2 divides, both progeny initially express Eve (Fig. 5E , yellow arrows). However, in contrast to the P15 and P17 cell divisions, the sibling that fails to inherit Nb retains Eve expression and becomes the FEPC; its sibling that inherits Nb from the progenitor extinguishes Eve expression, and we do not know its ultimate fate (Fig. 5E,F) . Our results obtained from following marker expression indicate that the FEPC divides to give two EPC per hemisegment (Fig. 6G) . In insc mutant embryos, Nb is distributed throughout the cortex of the dividing P2 (Fig. 5I) . Both progeny are Nb + and Eve + but subsequently extinguish Eve expression (Fig. 5J, yellow arrows) , leading ultimately to the loss of EPC (Fig. 6C,H ; Table 1 ). In nb mutant embryos, both of the P2 progeny retain Eve expression and adopt the identity of the FEPC (Fig. 6E) , leading ultimately to the formation of extra EPC ( Fig.  6F,I ; Table 1 ). These results obtained from following the segregation of Nb and the fate of the progeny cells derived from the P2, P15, and P17 cell divisions support the type of model we propose (see Discussion).
As an aside, as the overall gain of DA1 in the insc mutants is associated with an overall loss of EPC and because both P2 and P15 are located in close proximity and express a common marker, it raises the question of whether P2 and P15 might be related by lineage. This is unlikely because on a per hemisegment basis, there appears to be no correlation between the gain of DA1 and the loss of EPC (data not shown). Furthermore P2 and P15 segregate at different times from distinct L'sc-expressing clusters (see Fig. 1 ).
insc acts upstream of nb
Because insc and nb mutants show opposite mesodermal phenotypes, we made the double mutant and examined its phenotype to ascertain the hierarchical relationship between insc and nb. The insc, nb double homozygous embryos show loss of DA1 and DO1, as well as gain of EPC (Fig. 4G) . Although qualitatively similar to those shown by nb mutant embryos, the double mutant em- bryos exhibit these phenotypes at a higher expressivity (Table 1) . These results suggest that nb acts downstream of insc, consistent with our previous data showing that insc is required for wild-type Nb localization (see Fig. 5 ), whereas Insc localization does not depend on nb (data not shown).
Discussion
We have analyzed the progenitor cell divisions of three mesodermal lineages that generate muscle (and pericardial cell) founders. Our results show that the final stages of the patterning of the somatic mesoderm involve the asymmetric division of progenitor cells, which gives rise to daughter cells that are intrinsically different from each other at birth. This asymmetry is effected in the progenitor by insc and is transmitted to the daughters through the asymmetric localization of Nb in the progenitor and, consequently, its segregation into only one daughter. Although both siblings initially express identical markers, this apparent similarity in sibling myoblast identity is short-lived and marker expression is retained in only one cell. By following the fate of three daughters that maintain marker expression, we show that they become founders for a subset of larval somatic muscles and pericardial cells. Loss of insc or nb perturbs the inherent asymmetry in the lineage and causes duplication or loss of these mesodermal structures. These findings demonstrate that the initial patterning of the somatic mesoderm through the selection of the progenitors is elaborated upon by the asymmetric division of these cells. The involvement of insc and nb/N (this study; Ruiz-Gomez and Bate 1997) suggests that extrinsic and intrinsic cues both play a role in the determination of founder cell fate in the mesoderm.
Sibling progeny of muscle progenitors adopt alternative cell fates
The complex array of ∼30 different muscles present in each hemisegment of the Drosophila larva is seeded by the specification of unique muscle founder cells at precise locations in the undifferentiated somatic mesoderm (Bate 1990 ). The first sign of patterning in the somatic mesoderm is the formation of ''promuscle'' clusters, defined by the expression of the gene, l'sc, within the domain of high twi expression (Carmena et al. 1995) . In addition to l'sc, each cluster expresses a characteristic combination of transcription factors commonly referred to as identity genes (this paper; Carmena et al. 1995) . Evidence exists indicating that the appearance of promuscle clusters at precise times and positions with specific patterns of gene expression is largely controlled by the concerted action of different positional signals emanating from the overlying neuroectoderm (A. Carmena, F. Jimé nez, and A. Michelson, in prep.) . A uniquely specified progenitor cell is subsequently singled out from each cluster, in a process involving lateral inhibition mediated by the Delta (Dl)/N signaling pathway (Corbin et al. 1991; Bate et al. 1993; Carmena et al. 1995) . Larval muscle founders as well as precursors of adult muscles are born as pairs of myoblasts produced by the division of muscle progenitors (Carmena et al. 1995) . Such pairs of progeny cells also include, as shown here, the precursor of a pair of pericardial cells-it is therefore interesting to note that although Twi can function as a myogenic switch (Baylies and Bate 1996) , the high Twi-expressing domains are not restricted to forming only myogenic lineages. These observations pose the question of how two different fates are adopted by each pair of sibling cells derived from a single mesodermal lineage. Shortly after they are born, both sibling myoblasts derived from the division of a muscle progenitor usually express the same set of identity marker genes previously expressed by their progenitor. However, as the siblings mature they begin to display distinct characteristics, one of which is that for each particular marker, its expression is (usually) lost from one sibling. This results in each progeny cell expressing a different subset, complementary to that of its sibling cell, of the identity genes that characterized their common progenitor (this paper; Carmena et al. 1995; A. Carmena and F. Jimé nez, unpubl.) . By following the fate of sibling cells derived from the division of three progenitors, P2, P15, and P17, we have shown that the ability of sibling cells to acquire distinct cellular identities appears to be lost in embryos lacking insc. Thus, in the absence of insc, the P15 (and P17) cell division produces progeny that adopt the same identity, that of the FDA1 (and FDO1) at the expense of its sibling, leading to the duplication of the Eve + Kr + DA1 (and DO1). In the case of P2 cell divisions, both progeny cells appear to adopt the identity of the FEPCsib, at the expense of the FEPC, in the absence of insc; this leads to the loss of EPC.
How does insc act to promote distinct sibling myoblast cell fates? Several observations presented here strongly support the idea that insc mediates its effects in the mesoderm through the asymmetric segregation of Nb and the subsequent effect of Nb upon N signaling. Firstly nb is involved in sibling cell fate choice in the mesoderm. When its function is limiting, siblings from progenitor cell divisions take on similar characteristics. However, nb loss of function produces the opposite cell fate transformation compared to insc loss of function, that is, duplication of FEPC (gain of EPC) as well as duplication of FDA1sib and FDO1sib (loss of DA1 and DO19) . Second, Nb is asymmetrically localized in muscle progenitors and segregates preferentially to the cell that is lost in nb mutants and duplicated in insc mutants. Furthermore, this asymmetric localization and segregation of Nb requires insc. Because nb is known to act upstream of N to inhibit N signaling for the resolution of alternative sibling cell fates in the nervous system (Guo et al. 1996; Spana and Doe 1996) , our results (and those of suggest that the N signaling pathway is similarly involved in the process of generating distinct founder cell fates in the mesoderm.
Distinguishing features of the muscle progenitor cell division
Although insc has been shown previously to be required for the localization of proteins like Nb and Pros in the neuroblasts of the segmented CNS and ectodermal cells in a procephalic mitotic domain, a clear role for insc in specifying the fate of the progeny of these cells has not been demonstrated. In the PNS, it is not even clear whether insc is required for the asymmetric localization of Nb in sensory organ precursors, as Nb crescents still form in the absence of insc . Therefore, this analysis of its mesodermal phenotype represents the first demonstration that insc, through its actions on the the localization and segregation of Nb, plays a role in determining the alternative fates of sibling myoblasts (and possibly, by extension, to sibling cells in other tissues). Similar conclusions have also been reached from the analyses of muscle progenitors in which the ultimate fates of both progeny myoblasts are known .
Another distinguishing feature of the muscle progenitor cell division is that the Insc and Nb crescents, although localized on opposite sides of the cell, are not localized in a fixed orientation, implying that these cells do not divide with a fixed orientation. This is in contrast to the neuroblasts and the Insc-expressing cells of the procephalic region that always localize Insc as apical crescents and Nb as basal crescents and always divide with their mitotic spindle oriented in an apical/basal orientation . We speculate that this difference may be a reflection of the fact that the location of the progeny of muscle progenitors need not be controlled as strictly as those of the neuroblast cell division. One possible reason for the less stringent spatial regulation may be that muscle founders can communicate their informational content through fusion with other ''naive'' myoblasts. A second rationalization is that the muscle progenitors divide once, whereas the neuroblasts undergo repeated cell divisions so the requirements for positioning of the sibling progeny are different for the two cases.
The incomplete expressivity of the nb and insc mesodermal phenotypes
One striking feature of the phenotypes for apparent amorphic alleles of either insc or nb is that their severity not only varies widely for different muscles but also never occurs with complete expressivity for any given muscle. Although there are a number of possible influences that may contribute to this effect, we consider two types of models/explanations that are not mutually exclusive. First, we consider the possibility that sibling myoblast fates are mediated through the superimposition of an extrinsic process mediated by Dl/N and an intrinsic process mediated by Nb, making the argument that the removal of the intrinsic factor or the failure to asymmetrically partition this factor can be partially compensated through the actions of the extrinsic process. Second, as an alternative explanation, we present arguments supporting the notion that there may be another, as yet unidentified, intrinsic factor(s) whose function overlaps that of nb.
In the model shown in Figure 7 , which represents a refinement of models proposed previously to account for progenitor cell divisions in the PNS (e.g., Posakony 1994; Jan and Jan 1995), two sibling myoblasts are born initially with equivalent levels of N inhibitory signal that are sufficient to inhibit the primary fate (fate B). However, stochastic variations may eventually cause one cell (cell A) to transiently acquire a higher amount of N inhibitory signal. This would lead to decreased Dl expression in cell A, thereby decreasing N signaling in the sibling cell B. Consequently, cell B will produce more Dl, thereby increasing its capacity to inhibit cell A. Ultimately, if a sufficiently large difference in the level of N signaling can be attained via this feedback mechanism, this process will become irreversibly unidirectional; cell A will end up receiving a high level of N inhibitory signal and adopt the secondary fate (fate A), and its sibling will receive a low level of N signal and adopt the primary fate B.
Under normal circumstances Nb is asymmetrically partitioned to one of the sibling cells, creating a large initial difference in N signaling to ensure that the feedback mechanism ensues and that distinct sibling cell fates can always be resolved. However, even when Nb is absent (nb − mutant) or similarly distributed to both sibling cells (in insc − mutants or in the Gal4-driven overexpression strategy used to ectopically express Nb in both sibling cells), the feedback mechanism can still ensue leading to the resolution of distinct sibling cell fates, albeit in only a fraction of the cases. In such cases, normal fates are still realized (A + B), accounting for the incomplete expressivity of the mutant phenotypes. In the remaining cases, where the feedback mechanism fails to become irreversible and does not resolve alternative sibling fates, the outcome depends on the genotype of the sibling myoblasts. Thus, in nb − mutants, the initial high level of N inhibitory signaling in both cells is maintained inhibiting the primary fate B (thus resulting in A + A). In contrast, in insc − mutants or under uniform overexpression of nb, the presence of Nb in both cells is sufficient to reduce the level of inhibitory N signaling below the threshhold required to inhibit primary fate B (thus resulting in B + B). The frequency by which the mutual inhibition mediated by Dl/N can be resolved in the different mutant genotypes may be context-dependent, thereby resulting in different degrees of cell fate transformation depending on the particular pair of sibling cells being considered.
It is also interesting to reflect on the observation that the mesodermal phenotype of the nb/insc double mutant, although qualitatively similar to that of the nb single mutant, is more severe than that of the nb single mutant for structures derived from all three progenitors used for this study (see Table 1 ). This increased severity in the double mutant might be attributable to the effect imposed (as the result of loss of insc) by the lack of asymmetric segregation of an as yet unidentified factor(s), which normally is also asymmetrically localized and segregated under the control of insc and which overlaps the function of nb during myogenesis. It may also be that this postulated factor is the maternal component of Nb. The incomplete expressivity of the loss-of-function phenotypes of nb and insc as well as the gain-of-function − siblings a sufficiently large difference in the level of N signaling is not guaranteed, as neither cell inherits functional Nb. Nevertheless, the N/Dl feedback mechanism can become irreversible some of the time (see text). When this happens (top alternative) a wildtype situation ensues. However, if a sufficiently large difference in N signaling never arises and the feedback mechanism is never resolved (bottom alternative), the default level of N signaling in both cells is sufficiently above the postulated threshold required to specify an A-type fate. (C) Both sibling cells in insc − embryos are Nb + due to the failure of mutant progenitors to asymmetrically localize and segregate Nb. Hence, the difference in the level of N signaling required to irreversibly resolve the feedback mechanism can only arise through stochastic variations (top alternative) and statistically this will occur only a proportion of the time. When this fails (bottom alternative), the default level of N signaling in the siblings (due to the presence of Nb in both cells) falls below the threshold required to specify an A-type fate and both cells adopt the default B-type fate.
phenotype of nb can be readily accounted for by either (or a combination) of the explanations/models discussed here.
Materials and methods

Drosophila strains
The insc excision alleles, insc P49 and insc P72 (Kraut and Campos-Ortega 1996) , the original P-lacZ insertion at the insc locus, AB44, which served as a control and the hsp70-insc and insc P49 nb 3 stocks were made by Rachel Kraut when she was in the Chia laboratory. We believe that insc P49 and insc P72 are nulls because no Insc protein crescents are seen in the mutant embryos. The putative amorphic numb alleles, nb 1 and nb 3 , as well as the UAS-nb lines were gifts of the Jans laboratory (Uemura et al. 1989; Rhyu et al. 1994) . The homozygous viable twi-gal4 driver (on the X chromosome) was obtained from Michael Akam (University of Cambridge, UK).
Immunochemical staining of whole-mount embryos
Embryos were fixed and stained as described previously (Murugasu-Oei et al. 1995) . The staining reaction (Hsu et al. 1988 ) was developed using secondary antibodies conjugated to horseradish peroxidase with diaminobenzidine substrate, in the presence (black) or absence (brown) of nickel ions. Immunofluorescence embryos were fixed and stained according to Carmena et al. (1995) . DNA was visualized using 1 mg/ml of sonicated paraphenylene-diamine (Sigma) in 90% glycerol (Lundell and Hirsh 1994) . Embryos were observed under Nomarski optics, whereas confocal images were viewed using a Zeiss microscope equipped with a BioRad MRC 600 laser and processed using Adobe Photoshop software. Embryos were staged according to CamposOrtega and Hartenstein (1985) . Muscle nomenclature follows Bate (1993) .
The following primary antibodies were used: anti-␤-galactosidase (rabbit from Cappel, 1:10,000; mouse from Promega, 1: 500), a mouse anti-Eve monoclonal (2B8, 1:60; Patel et al. 1994 ), a rabbit anti-Eve (1:1000; Frasch et al. 1987) , mouse anti-Insc (1:1000; ), rabbit anti-Insc (1:2000 , rabbit antiKr (1:1500; a gift from Helen Skaer, University of Sheffield, UK), rat anti-L'sc (1:400; Martín-Bermudo et al. 1991) , mouse antiMyosin heavy chain (1:80; Kiehart and Feghali 1986) , rabbit anti-Nb (1:1000; Rhyu et al. 1994) , and rabbit anti-Twi (1:5000; a gift from Maria Leptin, University of Köln, Germany).
Ectopic expression and rescue experiments
For the insc rescue experiment, the stock insc P49 /CyO P[ftzlacZ]; hsp70-insc/TM3 Sb P[Ubx-lacZ] was constructed. Double homozygotes were recognized by the lack of ␤-galactosidase expression. For the heat shock treatment, embryos were collected at 16°C overnight, dechorionated, submerged in preheated phosphate-buffered saline containing 0.01% Triton-X100, and placed in a 37°C water bath for 10-15 min. Embryos were aged for 8-9 hr, fixed, and stained, and stage 15-16 embryos were scored, or processed within 1-2 hr following heat shock. Control wild-type or hsp70-insc animals treated as above showed normal muscle patterns.
To express nb ectopically, homozygous twi-gal4 virgins were mated to homozygous UAS-nb males to generate embryos each carrying a single copy of the driver and the UAS-nb.
